Introduction {#s0001}
============

Tumor-draining lymph nodes (TDLNs) often enlarge in human cancer patients[@cit0001] and murine tumor models.[@cit0003] Enlarged TDLNs can demonstrate extensive remodeling, featuring disproportionate accumulation of B lymphocytes[@cit0003] and extensive lymphatic sinus growth (lymphangiogenesis).[@cit0002] Lymphangiogenesis in TDLNs has been correlated with poor prognosis in patients with breast, rectal, and skin cancers.[@cit0009] Similarly, B cell accumulation and lymphangiogenesis characterize TDLNs in murine melanoma, squamous cell carcinoma, and lymphoma models.[@cit0003] Repetition in these findings across species and tumor types demonstrates the translational relevance of determining the underlying mechanism of TDLN hypertrophy, to understand how accumulation of lymphocytes in TDLNs could contribute to the antitumor immune response.

A syngeneic, immunocompetent mouse model of a solid tumor (melanoma) was selected to study the mechanisms of TDLN hypertrophy. The B16-F10 footpad melanoma model in C57BL/6 mice is ideal for studying TDLN responses to tumor growth, because in the first 3 weeks slow growth of these tumors induces a local rather than systemic immune response to the tumor, enabling direct comparison of the TDLN to the contralateral non-tumor draining popliteal lymph node (NTDLN) within the same mouse.[@cit0012] In this model, TDLNs feature an 8-fold increase in B cells and a 3-fold increase in T cells, which creates a B-cell predominant environment within TDLNs.[@cit0003] The B cells in TDLNs are necessary for inducing extensive lymphangiogenesis and an accompanying 20-fold increase in TDLN lymph flow. Relative to a normal, or NTDLN, the architecture of TDLNs is strikingly altered, with growth of cortical and medullary sinuses and expansion of B cells deep into the paracortical areas normally occupied by T cells. These changes are associated with an ineffective antitumor immune response, which allows tumor growth and strongly promotes metastasis.[@cit0012]

Despite the importance of TDLN lymphocytes in cancer progression, the mechanisms of lymphocyte accumulation in TDLNs are poorly understood. Draining lymph node (LN) hypertrophy is also characteristic of a local response to inflammation or infection, and similar mechanisms could contribute to TDLN hypertrophy, though this has not been examined previously. LN lymphocytes are exposed to foreign and self-antigens displayed by antigen-presenting cells (APCs) in lymph fluid to direct the early immune response. During inflammation, B cell-driven lymphangiogenesis further promotes recruitment of dendritic cells from an inflamed area to the draining lymph node, which primes an expanding population of specialized high endothelial venules (HEVs) to promote adhesion and migration of lymphocytes into draining LNs.[@cit0014] Cellular accumulation in draining LNs is enhanced by an acute, transient decrease in lymphocyte exit, facilitated by decreased signaling through the sphingolipid receptor S1PR1 on activated lymphocytes.[@cit0017] Stimulated lymphocytes in the draining LNs proliferate, resulting in expansion of specific effector cell populations.[@cit0018] Together, these draining LN changes promote an effective adaptive immune response against infectious agents.

In contrast to acute inflammation models, TDLN hypertrophy appears to be associated with a suppressed immune response,[@cit0020] implying key differences in these forms of cellular accumulation within the LN. For example, B16-F10 melanoma cells are rapidly eliminated when implanted into NTDLNs, but survive and expand when implanted within TDLNs.[@cit0021] The mechanisms underlying tumor-driven LN immune-suppression are poorly understood, but could be related to the architectural and compositional changes observed in TDLNs, including preferential B cell accumulation and extensive lymphatic sinus growth. Recently, a subset of regulatory B cells enriched in TDLNs has been identified which promotes B16-F10 melanoma tumor growth.[@cit0012] Additionally, LN lymphatic endothelial cells can induce lymphocyte anergy and activation-induced cell death (AICD), a form of apoptosis, by presenting antigens without providing co-stimulation.[@cit0022] Therefore, the B cell-dependent growth of TDLN lymphatic sinuses could play an important role in suppression of the antitumor immune response.

In this study, we used the B16-F10 footpad melanoma model to investigate local and rapid increases in TDLN size and lymphocyte cellularity. Lymphocyte proliferation, apoptosis, entry, and exit were compared between NTDLNs and TDLNs. Additionally, chemokine receptors and other cell surface markers were compared between lymphocyte populations, to better characterize the differences which could distinguish B and T cell accumulation in TDLNs. Understanding the mechanisms of TDLN hypertrophy including preferential B cell accumulation could suggest new strategies for reversing or preventing tumor tolerance, to improve tumor immunotherapy.

Results {#s0002}
=======

After 3 weeks of B16-F10 tumor growth in a footpad, TDLNs are larger than NTDLNs, with increased numbers of lymphocytes and marked architectural changes that could affect the antitumor immune response. At this early time point, metastasis to TDLNs was rare, occurring in less than 10% of TDLNs (n = 62). TDLNs demonstrated a 6-fold increase in lymphocyte cellularity compared to NTDLNs ([Figs. 1A and B](#f0001){ref-type="fig"}), with preferential accumulation of B cells compared to non-B cells ([Fig. 1C](#f0001){ref-type="fig"}). Lymphocytes identified as negative for B cell markers on flow cytometry are predominantly T cells (93% CD3e, CD4^+^, and/or CD8^+^) in mouse popliteal lymph nodes, and are termed "non-B cells" (n = 24 popliteal LNs from 12 mice). B lymphocytes were largely confined to cortical follicles, while T cells occupied the central paracortex and medulla of NTDLNs ([Fig. 1D](#f0001){ref-type="fig"}). In TDLNs, B cells spread into the central paracortex and toward the medulla, while most T cells retained paracortical localization. Lymphatic sinuses were limited to the medulla and subcapsular regions of NTDLNs, while in TDLNs the lymphatic sinuses consistently grew[@cit0003] and extended into the paracortical and follicular regions of TDLNs ([Fig. 1E](#f0001){ref-type="fig"}). These comparisons demonstrate that the relationships of B and T lymphocytes with the lymphatic sinuses (and likely other stromal components) are profoundly rearranged in TDLNs, which could influence their trafficking and immune functions. Figure 1.TDLNs demonstrate increased cellularity, preferential B cell accumulation, and architectural changes compared to NTDLNs. (A) Representative dot plot of forward and side scatter profiles for a C57BL/6 popliteal lymph node with gating strategy to identify lymphocytes. (B) Total lymphocyte cellularity of NTDLNs and TDLNs (n = 62 paired LNs, p \< 0.0001). (C) Percentage of B and non-B cell lymphocyte populations in NTDLNs and TDLNs, determined by B220 staining on flow cytometry (n = 62). (D) Immunofluorescent histology of representative NTDLNs and TDLNs, depicting infiltration of B cells (B220-positive, red) into T cell zone (CD3-positive, cyan) in TDLNs. (E) Lymphatic sinuses (LYVE-1-positive, green) expand in the medulla and central paracortex in TDLNs compared to NTDLNs. Cortical and medullary or paracortical regions of each LN are labeled to facilitate comparison of NTDLNs and TDLNs. Scale bar = 100 μM for all images in (D) and (E).

Lymphocyte proliferation and apoptosis are proportional to TDLN size {#s0002-0001}
--------------------------------------------------------------------

The overall increase in the TDLN lymphocyte population and preferential accumulation of B lymphocytes in LNs draining B16-F10 footpad tumors[@cit0003] suggests that the mechanisms regulating TDLN lymphocyte accumulation differ between B and T cells. Both types of lymphocytes are exposed to tumor antigen from the lymph in TDLNs, presented by APCs, which could activate the cells and induce proliferation.[@cit0024] Increased cellularity and preferential B cell accumulation in TDLNs could therefore result from increased cellular proliferation. To assess B and T cell proliferation, the incorporation of BrdU into dividing B and non-B lymphocytes was assessed by flow cytometry and compared in TDLNs and contralateral NTDLNs ([Fig. 2A](#f0002){ref-type="fig"}). The total number of proliferating B cells was not significantly increased in TDLNs relative to NTDLNs, although a trend was apparent ([Fig. 2B](#f0002){ref-type="fig"}). In contrast, TDLNs display a 12-fold increase in non-B cell proliferation by absolute numbers ([Fig. 2C](#f0002){ref-type="fig"}). Due to the increased cellularity of TDLNs,[@cit0003] the number of proliferating lymphocytes was also analyzed as a percent of the B and non-B cell populations within the LNs. By this measure, the percent proliferating B and T lymphocytes was similar in TDLNs versus NTDLNs ([Figs. 2D and E](#f0002){ref-type="fig"}). This data demonstrates that the increase in total numbers of proliferating B and T lymphocytes (especially T cells) contribute to TDLN hypertrophy, however other mechanisms must account for preferential B cell accumulation in TDLNs. Figure 2.Increased lymphocyte proliferation in TDLNs is proportional to lymphocyte number. (A) Representative dot plot of proliferating lymph node lymphocytes as demonstrated by BrdU incorporation. (B) Total numbers of BrdU-positive B lymphocytes in mouse NTDLNs and TDLNs demonstrate a trend toward increased B cell proliferation in TDLNs (*p* = 0.07). (C) An increased population of proliferative non-B cells is present in TDLNs compared to NTDLNs (*p* = 0.0008). Overall, B lymphocyte (D) and non-B lymphocyte proliferation (E) is proportional to these populations in TDLNs (*p* = 0.13, *p* = 0.85, respectively). (n = 8 paired LNs in three independent experiments, mean + SEM depicted).

If the relative amount of proliferating lymphocytes in TDLNs is unchanged relative to NTDLNs, perhaps changes in rates of apoptosis could account for the observed hyper-cellularity and B cell enrichment in TDLNs. To determine whether TDLN hyper-cellularity and B lymphocyte enrichment could be caused by reductions in apoptosis, cleaved (active) caspase-3 was quantified in TDLN and contralateral NTDLN lymphocytes using flow cytometry ([Fig. 3A](#f0003){ref-type="fig"}). Contrary to our hypothesis, we observed a trend toward increased numbers of apoptotic B cells in TDLNs ([Fig. 3B](#f0003){ref-type="fig"}). In addition, the total number of apoptotic non-B cells ([Fig. 3C](#f0003){ref-type="fig"}), including both CD4^+^ ([Fig. 3D](#f0003){ref-type="fig"}) and CD8^+^ ([Fig. 3E](#f0003){ref-type="fig"}) T cell populations were increased within TDLNs. The overall percentage of apoptotic B and T cells were unchanged in TDLNs relative to NTDLNs ([Figs. 3F--I](#f0003){ref-type="fig"}), indicating that a reduced rate of lymphocyte apoptosis does not account for lymphocyte accumulation in TDLNs. Figure 3.Lymphocyte apoptosis is not significantly altered in TDLNs. (A) Representative histogram of activated (cleaved) caspase-3 in NTDLN and TDLN B and non-B lymphocytes in a mouse with footpad B16-F10 melanoma. (B) Total numbers of activated caspase-3-positive B lymphocytes in NTDLNs and TDLNs. There is a trend toward increased B cell apoptosis in TDLNs (B cells *p* = 0.08). (C) Total numbers of activated caspase-3-positive non-B cells demonstrates a similar trend (*p* = 0.05). (D) Total numbers of activated caspase-3-positive CD4^+^ and (E) CD8^+^ T cells from the non-B cell population analyzed in B. A trend toward increased CD4^+^ and CD8^+^ T cell apoptosis in TDLNs is evident (CD4^+^ T cells *p* = 0.05, CD8^+^ T cells *p* = 0.06). (F) B lymphocyte and (G) non-B lymphocyte apoptosis is proportional to the size of these populations in NTDLNs and TDLNs (B cells *p* = 0.67, non-B cells *p* = 0.17). (H) Similarly, CD4^+^ and (I) CD8^+^ T cell apoptosis is proportional to these populations in TDLNs compared to NTDLNs (CD4^+^ T cells *p* = 0.17, CD8^+^ T cells *p* = 0.19). (n = 7 paired LN in three independent experiments, mean + SEM depicted).

Increased lymphocyte entry into TDLNs partially accounts for cellular accumulation {#s0002-0002}
----------------------------------------------------------------------------------

Increased lymphocyte entry via HEVs is thought to be a major mechanism regulating lymph node hypertrophy in inflammation.[@cit0014] To determine whether increased lymphocyte entry drives their accumulation in TDLNs, we transferred CFSE-labeled splenocytes from syngeneic, age-matched donor littermates into footpad B16-F10 melanoma-bearing mice, and quantified the number of labeled cells recovered from TDLNs and NTDLNs 2 h post-transfer ([Fig. 4A](#f0004){ref-type="fig"}). The 2 h time point was selected to ensure that lymphocytes had sufficient time to enter the popliteal LN in detectable numbers, but not enough time to traverse the LN and exit.[@cit0027] Two hours after intravenous transfer, labeled lymphocytes were detectable in both NTDLNs and TDLNs ([Fig. 4B](#f0004){ref-type="fig"}). Labeled B and non-B lymphocytes were both much more numerous in TDLNs compared to NTDLNs ([Figs. 4C and D](#f0004){ref-type="fig"}), demonstrating that increased entry of lymphocytes contributes to TDLN hypertrophy. Figure 4.Lymphocyte entry via HEVs is increased in TDLNs, but does not fully account for preferential B cell accumulation. (A) Schematic diagram of an experiment to quantify CFSE-labeled lymphocyte entry into TDLNs via the bloodstream. (B) Representative dot plot of labeled lymphocytes within a NTDLN and TDLN 2 h after IV transfer. (C) Total numbers of labeled B cells and (D) non-B cells within NTDLNs and TDLNs 2 h after IV transfer. More B (*p* = 0.02) and non-B (*p* = 0.008) lymphocytes were recovered from TDLNs than NTDLNs. (E) Total numbers of labeled B and non-B lymphocytes, expressed as a ratio of these populations in TDLNs to NTDLNs, demonstrated no difference in LN entry between B and non-B cells (*p* = 0.13). (n = 8 paired LNs in two independent experiments, mean + SEM depicted).

To determine if increased entry of B cells relative to T cells could account for the preferential accumulation of B cells in TDLNs, we compared the ratio of labeled B and non-B cells in TDLNs to NTDLNs. On average, six B cells entered TDLNs for every B cell that entered NTDLNs during the 2 h equilibration time ([Fig. 4E](#f0004){ref-type="fig"}). Comparatively, an average of three non-B cells entered TDLNs for every non-B cell that entered NTDLNs. However, pairwise comparison of the ratio of B and T cell entry in each mouse revealed no significant difference in TDLN lymphocyte entry behavior ([Fig. 4E](#f0004){ref-type="fig"}). These findings suggest that while a higher rate of both B and T lymphocyte entry contributes to TDLN hypertrophy it does not account for the preferential accumulation of B cells in TDLNs.

B cells are preferentially retained in TDLNs {#s0002-0003}
--------------------------------------------

A decrease in the egress of lymphocytes from TDLNs via efferent lymphatics could also potentially contribute to hypercellularity and preferential B cell accumulation. A modified labeled-lymphocyte experiment was used to test whether reduced lymphocyte exit from TDLNs could account for this phenotype. Circulating B cells enter and exit the lymph node with a half-life of over 24 h; T cells move through the lymph node more rapidly, with a half-life of 6--12 h.[@cit0029] To capture the kinetics of both B and non-B cells, we evaluated the number of labeled lymphocytes retained within TDLNs and NTDLNs by flow cytometry 20 h after IV transfer ([Figs. 5A and B](#f0005){ref-type="fig"}). Pairwise comparison of labeled lymphocytes in the TDLN and contralateral NTDLN of each mouse enabled simultaneous comparison of B and non-B cell retention. Strikingly, the populations of labeled B cells ([Fig. 5C](#f0005){ref-type="fig"}) and non-B cells ([Fig. 5D](#f0005){ref-type="fig"}) were significantly larger in TDLNs than NTDLNs. Compared to NTDLNs, there was an 11-fold increase in labeled B cells in TDLNs, and a 5-fold increase in labeled non-B cells ([Fig. 5E](#f0005){ref-type="fig"}). These findings suggest that the preferential accumulation of B cells in TDLNs involves increased retention of these cells within the TDLN. Figure 5.(B) cells are preferentially retained in TDLNs. (A) Schematic diagram of an experiment to quantify CFSE-labeled lymphocyte retention. (B) Representative dot plot of labeled lymphocytes in NTDLN and TDLN 20 h after IV transfer. (C) Total numbers of labeled B and (D) non-B lymphocytes 20 h after IV transfer. In TDLNs, an increased number of labeled B cells (*p* = 0.001) and non-B cells (*p* = 0.0002) has entered but not exited compared to NTDLNs. (E) Total numbers of retained labeled B and non-B lymphocytes at 20 h after IV transfer, expressed as a ratio between TDLN and NTDLN for each mouse. The ratio of retained B cells is greater in TDLNs than that of non-B cells (*p* = 0.001). (n = 12 paired LNs in two independent experiments, mean + SEM depicted).

These observations could also potentially be explained by a selective increase in labeled B cells continuing to enter TDLNs relative to T cells. To isolate rapid lymphocyte entry and track the egress of these cells from NTDLNs and TDLNs, mice were dosed systemically with an anti-L-selectin (CD62L) blocking antibody 2 h after labeled-lymphocyte transfer. Lymphocyte interaction with CD62L expressed on HEV endothelial cells is required for lymphocyte diapedesis and entry into LNs from the blood.[@cit0030] Quantification of labeled B and T cells 24 h later assessed the fate of cells that entered TDLNs and NTDLNs from the blood within the 2 h equilibration window ([Fig. 6A](#f0006){ref-type="fig"}). The 24 h time point was chosen to focus on the kinetics of B cells exiting TDLNs and NTDLNs. As expected, anti-CD62L treatment resulted in decreased NTDLN and TDLN cellularity compared to previous experiments, which confirmed the efficacy of the L-selectin antibody dose.[@cit0031] Relative to the experiment described in [Fig. 4](#f0004){ref-type="fig"}, total numbers of labeled B and T lymphocytes in TDLNs were significantly lower after entry blockade by anti-L-selectin ([Figs. 6B and C](#f0006){ref-type="fig"}). 9-fold more labeled B cells were recovered from TDLNs after entry arrest, as well as 12-fold more non-B cells ([Fig. 6D](#f0006){ref-type="fig"}). B cell egress behavior was similar with or without entry blockade (refer to [Fig. 5E](#f0005){ref-type="fig"} for comparison), indicating that selective reduction of B cell egress is a major mechanism of preferential B cell accumulation in TDLNs. Figure 6.Timed lymphocyte entry into LNs confirms retention of lymphocytes in TDLNs. (A) Schematic diagram of an experiment to quantify retention of labeled lymphocytes in NTDLNs and TDLNs 24 h after a 2 h entry window. (B) Total numbers of retained labeled B lymphocytes and (C) non-B lymphocytes in NTDLNs and TDLNs 24 h after a 2 h entry window. B and non-B cells are retained in TDLNs compared to NTDLNs (*p* = 0.005, *p* = 0.008, respectively). (D) Total numbers of retained labeled lymphocytes 24 h after a 2 h entry window, expressed as a ratio of TDLN to NTDLN for each mouse. Focusing on cells entering only within the first 2 h, B cell retention in TDLNs is similar to that observed in the first exit experiment (compare to [Fig. 5E](#f0005){ref-type="fig"}). Unexpectedly, an increased proportion of labeled non-B cells was recovered from NTDLN after arrest of lymphocyte entry via HEVs. (n = 6 paired LNs in two independent experiments, mean + SEM depicted).

Enhanced lymphocyte entry into TDLNs via afferent lymphatics {#s0002-0004}
------------------------------------------------------------

Surprisingly, after blockade of entry into HEVs, the TDLN:NTDLN ratio for non-B cells was increased ([Fig. 6D](#f0006){ref-type="fig"}). Following a 2 h entry window and an additional 24 h to exit the LNs, we expected to find very few labeled non-B cells in NTDLNs and TDLNs due to their rapid entry and exit kinetics. Instead, the non-B cell population was enriched in TDLNs compared to NTDLNs after entry arrest, two times more than we had observed during the first exit experiment, 20 h after IV administration of labeled cells ([Figs. 5E and 6D](#f0005 f0006){ref-type="fig"}). This finding suggests an alternate mode of ongoing T cell entry into TDLNs that is not regulated by L-selectin.

The ability of naive lymphocytes to enter the lymph node via the afferent lymphatics is thought to be limited (reviewed in ref. [@cit0036]), due in part to very small numbers of lymphocytes within the afferent lymph.[@cit0032] Under normal conditions, naive T cell trafficking through non-lymphoid tissue, such as liver, can occur over one or more days.[@cit0033] To assess the entry of lymphocytes into TDLNs and NTDLNs via afferent lymph, splenocytes from naive, syngeneic donor mice were labeled with CFSE or CellTrace Violet (CTV). Cells with one of these fluorescent labels were injected into the dorsal subcutaneous space of the B16-F10 tumor-bearing foot (CFSE cells) and the contralateral non-tumor-bearing foot (CTV cells) of mice after 3 weeks of tumor growth ([Fig. 7A](#f0007){ref-type="fig"}). Lymph drains from this area to the corresponding ipsilateral and contralateral popliteal lymph nodes, respectively.[@cit0034] Twenty-four hours later, movement of the labeled cells into the draining popliteal LNs and spleen was quantified using flow cytometry. CFSE-positive cells recovered from TDLNs are from "ipsilateral injection," and CFSE-positive cells recovered from NTDLNs are from "contralateral injection" as depicted in [Fig. 7A](#f0007){ref-type="fig"}. Figure 7.Lymphocyte entry into TDLNs via afferent lymph is increased compared to NTDLNs. (A) Schematic diagram of an experiment to quantify lymphocyte entry into TDLNs and NTDLNs via afferent lymph. (B) Total number of labeled lymphocytes recovered from NTDLNs and TDLNs following ipsilateral SC injection into the dorsal toe of unilateral footpad B16-F10 melanoma bearing mice. More labeled cells were recovered from the ipsilateral TDLNs than NTDLNs (*p* = 0.01). (C) Few cells were recovered in TDLNs or NTDLNs from contralateral foot injections, indicating that labeled cells entered via afferent lymph rather than the bloodstream. (D) Total number of cells in (B) divided into B (*p* = 0.01) and (E) non-B cells (*p* = 0.04). (F) Total numbers of labeled B and non-B lymphocytes in (C), expressed as ratio of TDLNs to NTDLNs. The ratio of labeled B cells was significantly higher than that of labeled non-B cells recovered in draining lymph nodes (*p* = 0.04). (G) Recovered labeled lymphocyte populations from NTDLNs and (H) TDLNs broken down into B and T cell subsets. Unlike naive T cell entry into NTDLNs via afferent lymphatics, no preferential entry of labeled CD4^+^ T cells was observed in TDLNs. (n = 6 paired LNs in two independent experiments, mean + SEM depicted).

Over nine times more ipsilaterally injected labeled lymphocytes were recovered from the TDLN compared to the NTDLN ([Fig. 7B](#f0007){ref-type="fig"}). Very few labeled cells were recovered from the contralateral popliteal LNs ([Fig. 7C](#f0007){ref-type="fig"}), confirming that labeled cells entered the popliteal LNs via the afferent lymph rather than from the bloodstream. In TDLNs, entry of B cells from the afferent lymph was increased ([Fig. 7D](#f0007){ref-type="fig"}), as was the entry of non-B cells compared to NTDLNs ([Fig. 7E](#f0007){ref-type="fig"}). Afferent entry of B cells into TDLNs was increased 20-fold, compared to a 4-fold increase in non-B cell entry into TDLNs ([Fig. 7F](#f0007){ref-type="fig"}). Under homeostatic conditions, CD4^+^ T cells enter peripheral LNs through afferent lymph more readily than other lymphocyte populations.[@cit0035] Similarly, in our experiment the proportion of injected CD4^+^ T cells in NTDLNs was significantly larger than the comparable B cell and CD8^+^ T cell populations in NTDLNs ([Fig. 7G](#f0007){ref-type="fig"}). Interestingly, the fractions of injected B cells, CD4^+^ T cells, and CD8^+^ T cells that entered the TDLNs were comparable ([Fig. 7H](#f0007){ref-type="fig"}), suggesting that tumor-driven alterations in lymph drainage affect trafficking of all types of lymphocytes to TDLNs.

Enhanced retention of B cells in TDLNs involves reduced S1PR1 expression {#s0002-0005}
------------------------------------------------------------------------

We determined that decreased egress of B cells from TDLNs is a major contributor to the preferential accumulation of B lymphocytes in TDLNs. Lymphocyte trafficking through lymphoid tissue is directed by several chemokine signals,[@cit0036] including CXCL12,[@cit0038] CXCL13,[@cit0039] CCL19/21,[@cit0039] and the small lipid S1P.[@cit0040] We hypothesized that enhanced retention of B cells in TDLNs could be due to increased pro-retention chemokine signaling (i.e., CXCR4/CXCL12, CXCR5/CXCL13, or CCR7/CCL19/21) or decreased exit signaling (i.e., S1PR1/S1P). To determine which of these signaling pathways are most important for TDLN B cell retention, the surface expression of chemokine receptors on TDLN and NTDLN lymphocytes was determined using flow cytometry.

CXCL12 on HEVs plays an important role in lymphocyte recruitment to peripheral lymph nodes.[@cit0041] In addition, downregulation of its ligand, CXCR4, on B cells is reported to promote rapid depolarization of bone marrow-resident B cells and export into peripheral blood.[@cit0043] Therefore, we considered whether upregulation in CXCR4 surface expression could play a role in B cell retention in TDLNs. However, TDLN B cells exhibited reduced CXCR4 expression ([Figs. 8A--C](#f0008){ref-type="fig"}), suggesting that preferential B cell retention in TDLNs is not caused by increased CXCR4 signaling. Non-B cell surface expression of CXCR4 was unchanged in TDLNs compared to NTDLNs ([Figs. 8A--C](#f0008){ref-type="fig"}). Figure 8.Decreased chemokine receptor expression does not account for lymphocyte retention in TDLNs. Representative histograms of (A) CXCR4, (D) CXCR5, (G) CCR7 surface expression on B and non-B lymphocytes of NTDLNs (solid line) and TDLNs (dashed line). Filled curve is isotype control. B cells have decreased (B) CXCR4 (*p* = 0.0002) and (E) CXCR5 (*p* = 0.004) surface expression. On non-B cells, surface expression of (C) CXCR4 and (F) CXCR5 are unchanged. The CXCR5 isotype demonstrated low-level background staining in both TDLN and NTDLN samples, and so did not affect analysis for any one population. (H) Both B and non-B cells have lower CCR7 expression in TDLNs (*p* = 0.0007 and *p* = 0.0009, respectively). (I) CCR7-negative B cell populations are increased in TDLNs (*p* = 0.003), and fewer non-B cells are CCR7-positive in TDLNs (*p* = 0.0099). (CXCR4, CCR7 n = 9 paired LN in three independent experiments; CXCR5 n = 11 paired LN in three independent experiments, mean + SEM depicted).

CXCL13 is produced by follicular dendritic cells within LN follicles, and is important for attracting B cells to LN follicles,[@cit0036] suggesting that increased CXCR5/CXCL13 signaling could prevent TDLN B cells from reaching lymphatic sinus exit sites. Instead, B cells in TDLNs exhibited decreased CXCR5 surface expression ([Figs. 8D and E](#f0008){ref-type="fig"}). This suggests that increased CXCR5/CXCL13 signaling is not the mechanism of preferential B cell retention in TDLNs. Non-B cell surface expression of CXCR5 was low, and unchanged in TDLNs compared to NTDLNs ([Figs. 8D--F](#f0008){ref-type="fig"}).

The balance between CCR7 signaling and S1PR1 signaling is known to be a key determinant of T cell exit from secondary lymphoid tissues.[@cit0046] CCR7 signaling promotes T cell retention within the lymph node parenchyma, while S1PR1 signaling promotes egress into efferent lymph.[@cit0040] Surface expression of these receptors could also be important for B cell retention in LNs.[@cit0047] Surprisingly, we found an increase in the relative number of CCR7-negative B cells in TDLNs, as well as fewer CCR7-positive non-B cells ([Figs. 8G--I](#f0008){ref-type="fig"}). Together, this indicates that neither B cell nor non-B cell retention in TDLNs is due to increased CCR7 surface expression.

Another important mediator of lymphocyte egress from LNs is S1PR1/S1P signaling. Similar to many chemokines, surface expression of S1PR1 is tightly regulated to respond to S1P gradients in fluids and tissues throughout the body.[@cit0048] Blood and lymph contain high extracellular S1P concentrations, whereas the parenchyma of secondary lymphoid organs exhibits low concentrations of S1P.[@cit0040] S1PR1 surface expression is low when lymphocytes follow other signals to enter the LN, and is upregulated while lymphocytes are exposed to the low S1P LN environment.[@cit0049] After exposure to antigens within the LN, high surface expression of S1PR1 on the lymphocyte facilitates their migration out of the LN via efferent lymph.[@cit0050] Decreased S1PR1 surface expression, as occurs with CD69^+^ lymphocyte activation in acute inflammation, results in lymphocyte retention in LN.[@cit0017]

To test whether retention of lymphocytes in TDLNs could be mediated by S1PR1 signaling, expression of S1PR1 on lymphocytes from TDLNs and NTDLNs was assessed by flow cytometry ([Fig. 9A](#f0009){ref-type="fig"}). B cells in TDLNs feature decreased surface expression of S1PR1 ([Fig. 9B](#f0009){ref-type="fig"}), consistent with a decreased egress signal and subsequent retention in TDLNs. Non-B cell surface expression of S1PR1 was similar in TDLNs and NTDLNs ([Fig. 9C](#f0009){ref-type="fig"}). Fewer TDLN B cells were S1PR1-high than in NTDLNs ([Fig. 9D](#f0009){ref-type="fig"}), and S1PR1-high non-B cells were also decreased in TDLNs ([Fig. 9E](#f0009){ref-type="fig"}). These observations demonstrate that decreased S1PR1 expression could account for preferential retention of B cells in TDLNs, and could also contribute to TDLN T cell retention. Figure 9.Reduced lymphocyte S1PR1 is consistent with decreased egress from TDLNs. (A) Representative histogram of surface S1PR1 in B and non-B lymphocytes in NTDLN (solid line) and TDLN (dotted line) of a mouse with footpad B16-F10 melanoma. Filled curve is the isotype control. (B) Mean fluorescence intensity (MFI) of S1PR1 on B and (C) non-B lymphocytes in NTDLNs and TDLNs. B cell S1PR1 is decreased (*p* = 0.006), whereas non-B cell S1PR1 is not significantly changed (*p* = 0.11). (D) The percentage of S1PR1-high expressing B lymphocytes is decreased in TDLN (*p* = 0.007). (E) The percentage of S1PR1-high expressing non-B lymphocytes is also decreased in TDLNs (*p* = 0.03). (n = 9 paired LN in three independent experiments, mean + SEM depicted).

Decreased S1PR1 surface expression in TDLN lymphocytes is not regulated by CD69 {#s0002-0006}
-------------------------------------------------------------------------------

Direct interaction of S1PR1 with CD69 on activated lymphocytes can decrease S1PR1 surface expression,[@cit0017] which suggests a possible mechanism of lymphocyte activation driving S1PR1 downregulation on lymphocytes in TDLNs. CD69 is rapidly expressed following activation of B and T cells (reviewed in ref.[@cit0052]) CD8^+^ T cell activation has been reported in TDLN lymphocytes using a flank B16-OVA melanoma model,[@cit0025] suggesting that activation could account for decreased S1PR1 surface expression on lymphocytes and reduced lymphocyte egress from TDLNs.

CD69 expression on TDLN and NTDLN lymphocytes was assessed using flow cytometry ([Fig. 10A](#f0010){ref-type="fig"}). Surprisingly, CD69 surface expression was decreased on TDLN B cells ([Fig. 10B](#f0010){ref-type="fig"}), and was unchanged on TDLN non-B cells ([Fig. 10C](#f0010){ref-type="fig"}). To test whether increased CD69 expression could be driving decreased S1PR1 surface expression, we directly compared CD69 MFI on high- and low-surface S1PR1-expressing lymphocytes. In fact, S1PR1-high lymphocytes also expressed higher amounts of CD69 than S1PR1-low lymphocytes. This pattern was consistent in B cells ([Fig. 10D](#f0010){ref-type="fig"}) and T cells ([Fig. 10E](#f0010){ref-type="fig"}) of TDLNs and NTDLNs. Together, these findings demonstrate that downregulation of S1PR1 on TDLN lymphocytes is not directly regulated by CD69 expression. Figure 10.TDLN lymphocytes exhibit low levels of CD69 activation marker expression. (A) Representative histogram of CD69 expression on B and non-B lymphocytes in a NTDLN (solid line), TDLN (dotted line), and naive splenocytes stimulated *in vitro* with PMA + ionomycin as positive control (dashed line). Filled curve is isotype control. (B) Mean fluorescence intensity of CD69 expression on B lymphocytes (*p* = 0.03) and (C) non-B lymphocytes (*p* = 0.5) in NTDLNs and TDLNs. (D) Relationship between low and high expression of S1PR1 and CD69 expression on B and (E) non-B lymphocytes from NTDLNs and TDLNs. Note consistent positive correlation between expression levels of S1PR1 and CD69 (*p* = 0.0001). (n = 8 paired LN in three independent experiments, mean + SEM depicted).

Discussion {#s0003}
==========

The footpad B16-F10 melanoma model uniquely allowed intra-mouse comparison of factors influencing the accumulation of lymphocytes in TDLNs versus NTDLNs. This study identified multiple mechanisms that contribute to TDLN hypertrophy and differ between B and T cells. Compared to T cells, B cells are preferentially retained in TDLNs, corresponding with decreased S1PR1 expression on TDLN B cells, which is not mediated by increased CD69 expression. B cells trafficking from the tumor in afferent lymph also are more likely to enter TDLNs than T cells. We observed that within TDLNs, increases in B and T cell entry and proliferation were similar between cell types, and proportional to LN cellularity. These findings demonstrate that differences in lymphocyte egress are most important for creating a B-cell predominant TDLN population.

S1PR1 surface expression on lymphocytes exerts a key role in directing lymphocyte egress from LNs,[@cit0053] and is modulated by multiple mechanisms, only some of which have been extensively characterized.[@cit0017] CD69-independent lymphocyte sequestration caused by decreased S1PR1 expression of lymphocytes in draining LNs and Peyer\'s patches has previously been described in models of acute bacterial[@cit0055] or viral infection.[@cit0056] The same mechanism of CD69-independent S1PR1 downregulation could operate in our footpad melanoma model. In addition, high levels of S1P in TDLNs could potentially mediate lymphocyte S1PR1 downregulation. Surface expression of S1PR1 is low on circulating lymphocytes exposed to high S1P concentrations in lymph and blood, and gradually upregulated in low-S1P environments, such as within the parenchyma of LNs.[@cit0040] Surface expression of S1PR1 determines T lymphocyte egress kinetics.[@cit0050] Though tissue levels of S1P are tightly regulated in homeostasis, multiple mechanisms could lead to an increased S1P concentration in TDLNs. S1P is high in lymph, maintained by lymphatic endothelial cells.[@cit0057] The major expansion of lymph flow and lymphatic sinuses within these TDLNs could increase S1P levels within the LN compared to NTDLNs.[@cit0003] Interstitial S1P concentrations are elevated in many cancers (summarized in ref.[@cit0059]), which could further elevate the S1P concentration of lymph draining from tumors to increase the parenchymal concentration of S1P in TDLNs, blunting the response of TDLN lymphocytes to this exit-signaling molecule. New techniques to quantify S1P with high spatial resolution will be needed to evaluate this hypothesis, given the many challenges of quantifying S1P *in vivo* (summarized in ref.[@cit0040]).

An inverse relationship between S1PR1 receptors and the activation marker CD69 has been described in several models of infection and inflammation, with direct interaction between the two proteins.[@cit0017] After observing that S1PR1 surface expression is decreased in TDLN B cells, we expected to find increased lymphocyte activation and CD69 expression, which could be consistent with activation of an antitumor immune response. Instead, CD69 surface expression on lymphocytes in TDLNs was low and comparable to normal NTDLNs, consistent with a minimal immune response to the B16-F10 melanoma.[@cit0061] This demonstrates that lymphocyte activation does not play a major role in retention of TDLN lymphocytes in this model. In contrast, other studies have found a more prominent role of tumor-driven lymphocyte activation, including the appearance of CD69-positive T lymphocytes in mice bearing large OVA foreign antigen-expressing B16-F10 subcutaneous, lung, and intraperitoneal tumors.[@cit0025] It is possible that the degree of lymphocyte activation is antigen and/or stage-dependent. In those tumor models, CD69-positive activation could be predicted to further diminish S1PR1-mediated exit signals for lymphocytes, further enhancing lymphocyte accumulation in TDLNs and promoting tumor growth and progression. Surface expression of S1PR1 on TDLN lymphocytes may be modified by additional transcriptional or post-transcriptional mechanisms, an interesting area of future research.[@cit0063]

Multiple studies have suggested that immunosuppressive drugs targeting S1P/S1PR signaling, such as FTY720 (fingolimod, Gilenya) (summarized in ref.[@cit0064]) and Sphingomab[@cit0065] may be useful adjunctive antitumor therapies. Several mechanisms are implicated in the observed effects on tumor cells and cancer outcome, including regulation of new blood vessel formation, direct cellular toxicity, and regulation of cellular survival and metabolism.[@cit0064] Understanding the role of S1P signaling in TDLNs could lead to better-targeted antitumor therapies that promote lymphocyte egress to allow an antitumor immune response.

Unlike the response of draining LNs to inflammation,[@cit0030] increased entry of lymphocytes via HEVs does not appear to be the primary mechanism of TDLN hypertrophy, although it does contribute to overall lymphocyte accumulation. In this study, neither B nor T lymphocyte entry was preferentially activated in TDLNs, suggesting that entry continues proportionate to the expansion of HEVs in the expanding TDLNs.[@cit0003] Though it has been suggested that lymphocyte entry to TDLNs is altered, to our knowledge this is the first experimental quantification of this mechanism.

An unexpected finding of our study was the effect of tumors to enhance trafficking of naive B and T lymphocytes into TDLNs via afferent lymphatic vessels. Afferent lymphatic uptake of T cells and dendritic cells has only recently been characterized,[@cit0026] and has long been thought to be a minor contributor to LN cell populations, based on lymphatic cannulation studies performed in sheep.[@cit0032] Recent studies in mice have demonstrated that inflammation promotes trafficking of lymphocytes within afferent lymph to draining LNs, dependent on chemokine signals.[@cit0067] Tumor-resident T cells have been associated with the promotion of an antitumor immune response, and are utilized in cellular tumor immunotherapy.[@cit0072] Lymphatic trafficking of tumor-educated T cells to TDLNs could serve to stimulate or repress the antitumor immune response, depending on the interactions of those cells within the TDLN.[@cit0070] The observed disproportionate increases in entry of CD8^+^ T cells and B cells into TDLNs compared to normal LNs[@cit0035] and NTDLNs (our study) highlight the profound impacts of the tumor on afferent lymphatic trafficking of lymphocytes. Our finding that lymphocytes have an increased propensity to enter TDLNs via afferent lymph could inspire new approaches to manipulate antitumor immune responses.

Surprisingly, naive B cells in the subcutaneous space draining the tumor-bearing foot were 20 times more likely to enter the TDLN than the NTDLN in our model. The physiologic relevance of this finding for the footpad B16-F10 model is unknown. Trafficking of naive B cells through peripheral tissues and afferent lymphatic drainage has recently been described in mice.[@cit0068] B cells have not been detected in B16-F10 footpad melanomas,[@cit0003] suggesting that this mechanism is not a major contributor to preferential accumulation of B cells in TDLNs of this model. However, increased B cell trafficking via afferent lymphatics may have important implications for other types of tumors that harbor significant B cell populations.[@cit0074] Further studies are needed to track lymphocytes entering LNs via the afferent lymph, to determine whether they return to the tumor as effector cells, or if they contribute to tumor tolerance within the TDLN.

Remodeling of TDLN architecture may also contribute to the generation of TDLN hypertrophy due to the extensive growth of lymphatic sinuses, which spread throughout the LN cortex and medulla,[@cit0003] while the accumulating B cells infiltrate the paracortical T cell zone. These architectural changes could be related to the reduction of chemokine receptor expression we identified in TDLN lymphocytes. This could reduce the affinity for chemokine ligands within TDLNs that normally direct lymphocyte position within the LN, to increase lymphocyte residence time in TDLNs.[@cit0028] For example, decreased CXCR5 on B cells may make these cells less responsive to CXCL13 produced by follicular dendritic cells.[@cit0045] Without a strong chemotactic attraction to CXCL13 in the cortical follicles, TDLN B cells may not make the necessary cellular contacts to respond to tumor-derived antigens, upregulate S1PR1, and/or to leave the LN via normal lymphatic sinus exit sites. Beta-adrenergic signaling within LNs can also block lymphocyte egress from LNs,[@cit0077] although further research is needed to test this potential contribution. Moreover, the expanded lymphatic sinuses throughout TDLNs could provide enhanced opportunities for the retained lymphocytes to undergo or develop anergy via incomplete antigen stimulation without appropriate co-stimulatory signaling, as a mechanism to promote tumor tolerance.[@cit0078] Though the majority of B cells in TDLNs carry markers of follicular B cells, regulatory B cells preferentially accumulate, and may drive tumor tolerance in TDLNs.[@cit0016] Additional studies will be needed to characterize the mechanisms of preferential accumulation of regulatory B cell populations in TDLNs.

The identification of multiple mechanisms regulating TDLN lymphocyte accumulation suggests promising avenues to improve antitumor immunotherapy. For example, strategies to reduce lymphocyte entry via the lymphatics and/or to limit retention of B cells could prevent accumulation of tumor-tolerizing Breg cells.[@cit0012] Alternatively, strategies to re-establish a normal S1P gradient in TDLNs could facilitate B cell egress, prevent lymphangiogenesis in TDLNs, and slow metastasis.[@cit0053]

Materials and methods {#s0004}
=====================

Mouse melanoma model {#s0004-0001}
--------------------

C57BL/6J mice were obtained from the Jackson Laboratory (Bar Harbor, ME) and housed in sterile micro-isolator cages under specific pathogen-free conditions at the Fred Hutchinson Cancer Research Center or at a University of Washington centralized animal facility. Four to six week-old mice were injected subcutaneously in the right or left hind footpad with 180,000 B16-F10 cells (American Type Culture Collection) in 40 μL of Hanks\' buffered saline solution (HBSS; Gibco Life Technologies). The contralateral hind footpad was injected with sterile HBSS as vehicle control. B16-F10 cells were tested to confirm that the cells were free of mycoplasma contamination (MycoAlert). Mice were euthanized on 19--23 d post-tumor implantation for downstream analyses. The FHCRC and UW Animal Care and Use Committees approved all animal handling and procedures.

Proliferation analysis {#s0004-0002}
----------------------

One percent bromodeoxyuridine (BrdU) in sterile phosphate-buffered saline (PBS) was administered IP to B16-F10 melanoma footpad tumor-bearing mice 17 h prior to euthanasia and tissue harvest. A single-cell suspension of lymphocytes isolated from the left and right popliteal lymph nodes were fixed and permeabilized (BD Cytofix/Cytoperm) before and after one freeze-thaw cycle at −80°C. The cells were treated with 0.03% DNase in Dulbecco\'s phosphate-buffered saline solution to expose incorporated BrdU and stained with fluorescent-tagged antibodies prior to flow cytometry analysis as described below.

Apoptosis analysis {#s0004-0003}
------------------

Lymphocytes isolated from C57BL/6J popliteal lymph nodes from B16-F10 bearing mice as described above were stained with caspase-3/7 Detection Reagent (Life Technologies), followed by surface staining for B220, CD3, CD4^+^, and CD8^+^ prior to flow cytometry analysis as described below.

Lymph node entry and exit analysis {#s0004-0004}
----------------------------------

Spleens harvested from age-matched C57BL/6J mice were pooled and homogenized through a 70-µm nylon filter (BD Biosciences). Single-cell suspensions were depleted of erythrocytes, resuspended at 25 × 10^6^ cells/mL 0.1% bovine serum albumin in PBS, and incubated for 10 min at 37°C in the presence of 0.8 μM (entry) or 5 μM (exit) 5,6-carboxyfluorescein diacetate succinimidyl ester (CFSE; Molecular Probes) prepared as a 5 μM stock solution in dimethyl sulfoxide (DMSO). Cells were washed twice with Iscove\'s Modified Dulbecco\'s Medium (IMDM) supplemented with 10% fetal bovine serum, 4 mM [L]{.smallcaps}-glutamine, and 55 µM of 2-mercaptoethanol. Cells were washed in Hank\'s buffered saline solution (HBSS) and resuspended at 200 × 10^6^ cells/mL. Each recipient mouse received 40 × 10^6^ CFSE-labeled cells intravenously. LNs were harvested 2 h or 20 h post-injection via flow cytometry described below. To prevent continued entry of labeled lymphocytes in some exit experiments, mice were adoptively transferred CFSE-labeled cells as described above, followed by IP injection of 80 μg anti-mouse CD62L-blocking antibody (BioLegend) after 2 h of equilibration, LN harvest 26 h after transfer of labeled cells, and flow cytometry.

Afferent lymphocyte entry {#s0004-0005}
-------------------------

Spleens harvested from age-matched C57BL/6J mice were pooled and homogenized through a 70-µm nylon filter (BD Biosciences). Single-cell suspensions were depleted of erythrocytes, resuspended at 25 × 10^6^ cells/mL 0.1% BSA/PBS, and incubated for 10 min at 37°C in the presence of 5 μM 5,6-carboxyfluorescein diacetate succinimidyl ester (CFSE; Molecular Probes) or CellTrace Violet (Molecular Probes) prepared as a 5 μM stock solution in DMSO. Cells were washed twice with Roswell Park Memorial Institute medium (RPMI) supplemented with 5% fetal bovine serum, 2 mM [L]{.smallcaps}-glutamine, 55 uM 2-mercaptoethanol, 1 mM pyruvate, 100 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 100 u/mL penicillin, 100 u/mL streptomycin. Cells were washed in Hanks\' buffered saline solution (HBSS) and resuspended at 400 × 10^6^ cells/mL. Anesthetized mice were injected with 8.0 × 10^6^ CellTrace Violet-labeled cells in the subcutaneous space of the dorsal toe of the control (non-tumor-bearing) side, and 8.0 × 10^6^ CFSE-labeled cells in the dorsal toe of the tumor-bearing foot. Cells were allowed to traffic from the injection sites for 24 h before mouse euthanasia and tissue harvest. Lymphocytes harvested from the popliteal lymph nodes and spleen were analyzed by flow cytometry as described below.

Lymphocyte activation {#s0004-0006}
---------------------

As a positive control for lymphocyte CD69 surface expression, splenocytes were cultured for 5 h at 4 × 10^6^ cells/mL in complete lymphocyte media (RPMI + 5% fetal bovine serum, 55 µM 2-mercaptoethanol, 1 mM pyruvate, 100 mM HEPES, 100 U/mL penicillin, 100 U/mL streptomycin) with phorbol 12-myristate 13-acetate (PMA, 2.5 ng/mL) + ionomycin (1.25 ng/mL) or without PMA + ionomycin as an un-stimulated control. Cells were analyzed by flow cytometry to assess surface marker expression.

Flow cytometry analysis {#s0004-0007}
-----------------------

Lymphocytes isolated from C57BL/6J popliteal lymph nodes by manual dissociation through a 35 μm filter were stained extracellularly by incubation with α-mouse B220-APC, -PerCPCy5.5, or -AF488 (BioLegend, San Diego, CA), IgM-eFluor® 450 (eBioscience), CD3ε-APC/Cy7 or -APCeFluor780 (eBioscience), S1PR1-APC (R&D Systems), CD4^+^-PE (BioLegend), CD8^+^-AF488, -APC or -PacBlue (BioLegend), BrdU-FITC (Invitrogen), CD69-PE (BioLegend), CXCR4-PerCP-eFluor® 710 (eBioscience), CXCR5-APC (BioLegend), and CCR7-e450 (eBioscience) conjugated antibodies. Stained cells were fixed and acquired with a Canto II or LSR II cytometer (BD Biosciences) and analyzed using FlowJo software (Tree Star). At least 50,000 lymphocytes were analyzed for each sample. Lymphocytes were identified by forward/side scatter profiles as depicted in [Fig. 1](#f0001){ref-type="fig"}.

Statistics {#s0004-0008}
----------

All experiments were repeated two to three times with at least three mice per cohort. Statistical analyses were performed using GraphPad Prism 6 and were carried out using paired T tests or ANOVA.
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